Drought affects avian communities in complex ways. We used our own and citizen 23 science-generated reproductive data acquired through The Cornell Lab of Ornithology's 24 NestWatch Program, combined with drought and vegetation indices obtained from governmental 25 agencies, to determine drought effects on Eastern Bluebird (Sialia sialis L.) reproduction across 26 their North American breeding range for the years 2006-2013. Our results demonstrate that some 27 aspects of bluebird reproductive success varies with the timing and severity of drought. Clutch 28 size was unaffected by drought occurrence or severity during or within one and two months of 29 clutch initiation, but hatching and fledging rates decreased as drought severity increased. 30 Drought conditions occurring one month prior to the month during which eggs should have 31 hatched, and two months prior to the month nestlings should have fledged also reduced the 32 numbers of fledged offspring. We also demonstrate the value of datasets generated by citizen 33 scientists in combination with climate data for examining biotic responses at large temporal and 34 spatial scales. 35 36 38 landscape and its biota for many hundreds of years [1, 2]. The lack of available soil moisture 39 typical of drought can reduce or eliminate vegetation serving as either food or habitat for birds 40 and their prey [3-5]. Consequently, it can negatively influence breeding birds dependent on those 41 resources for their survival and reproduction. Unsurprisingly, breeding birds exhibit a variety of 42 responses to drought, which may include a reduction in reproductive success [3, 6-8]. Dispersal 43 away from drought stricken areas [9], increased mortality of adults, their offspring, or both adults 44 and offspring, nest abandonment [3, 10], and reduced breeding attempts [3, 7, 10], have all been 45 reported as a direct result of drought. Albright et al. [8], for example, found drought to have 46 diverse effects on bird species abundance, with long-distance migratory species and those 47 residing in semi-arid areas more severely affected than montane species, short-distance migrants, 48 or synanthrophes. 49 Prediction models for the 21st century indicate drier conditions and periods of persistent 50 drought for North America [11, 12]. Models also suggest that more than 50% of North American 51 bird species will lose half of their distributional range, partly because of climate-associated 52 impacts [13], such as drought. Moreover, because we know that drought negatively impacts 53 many bird populations [7, 14, 15], it is critical to understand how and when drought will impact 54 future reproduction across the entire breeding range of a species. 55 Detecting changes in species abundance at large spatial and temporal scales, such as the 56 breeding range of a species across multiple years, requires intensive data collection. Few 57 researchers, however, have the time or resources to accomplish such an undertaking. Citizen 58 science, the collection of data by a network of volunteers, is increasingly used as a means of 59 acquiring large data sets over wide geographic areas and long time periods [16-19]. Although 60 some scrutiny of citizen science data is advisable, proper guidelines can provide for the 61 generation of reliable data [20]. For example, the revelation of a climate-related change in the 62 egg-laying dates of Tree Swallows (Tachycineta bicolor) was made possible by use of citizen 63 science data [21]. One highly successful citizen science project is The Cornell Lab of 64 Ornithology's NestWatch Program, officially launched in 2008; it had evolved from the Cornell 65 Nest Record Card program begun in 1965 [22]. NestWatch volunteers record breeding variables 66 for 600 North American breeding bird species. These variables include number of nesting 67 attempts, eggs produced, and young hatched and fledged, as well as nest location information 68 obtained using online mapping applications [22]. Since the inception of NestWatch, more than 69 60 peer-reviewed articles using data generated by citizen nest observers have been published 70 [23]. Large datasets generated by citizen scientists, in conjunction with standardized climate 71 indicators, are therefore ideally suited to examine climate impacts across the range of a species. 72 The aim of this study was to use citizen science-generated data from NestWatch, and our 73 own data, in conjunction with two drought indicators, the normalized difference vegetation index 74 (NDVI) and North American Drought Monitor (NADM) PDSI-based drought levels, to 75 determine how and when droughts of varying severity affect reproduction across the Eastern 76 Bluebird (Sialia sialis L.) breeding range. As secondary cavity-nesting birds, Eastern Bluebirds 77 readily adopt nest boxes provided them by individuals who enjoy hosting birds [24, 25] and, in 78 some areas, nest boxes have replaced scarce natural nesting resources [25]. Inclusion of Eastern 79 Bluebirds as a species monitored under NestWatch provided us with a significant data source for 80 this study. 81 Geographical variations of clutch size are typical of passerines [20, 26, 27] and especially 82 multi-brooded species [28, 29]. We hypothesized that reproduction of Eastern Bluebirds should 83 follow this pattern but, drought during critical pre-breeding and breeding periods would 84 negatively impact bluebird reproductive success. Our results indicated that drought conditions, 85 regardless of severity, and occurring either pre-breeding or during the clutching period, had no 86 significant effect on clutch size, but the hatching and fledging rates decreased as severity of 87 drought increased. We also found that drought conditions occurring one month prior to hatching 88 and two months prior to fledging also had a negative effect on Eastern Bluebird reproductive 89 success. 90 Methods 91 Reproductive data 92 We obtained NestWatch (https://nestwatch.org/explore-data/) observation records for 93 Eastern Bluebirds across their breeding range for the years 2006 through 2013. Records included 94 a unique nesting attempt identification number, observer identification number, US state or 95 Canadian province location, latitude and longitude of the nest under observation, year of 96 observation, date of observation, clutch initiation date, clutch size, number hatched, number of 97 young fledged, fledge date, and whether the nesting attempt was successful or unsuccessful.
Introduction 37
Drought in varying degrees of severity and duration has affected the North American 126 170 If the drought status variable had a significant effect, then we examined how the different levels 171 of drought affected the reproductive outcomes. For this study, the focus was not to predict the 172 outcome variable or to select the best subset of explanatory variables, but to instead test 173 hypotheses about drought status variables, and to gain insights into the effect of different levels 174 of drought severity and timing of drought (for significant drought status variables).
175
As described above, each of the baseline and three sequential models included a set of 176 explanatory variables related to climate and certain NestWatch data categories. We centered the 177 continuous variables month, latitude, longitude, and standardized NDVI around their respective 178 means prior to model fitting. The NADM region in which nests were located served as a proxy 179 for differences in seasonal breeding behavior across broad geographical areas. We included an 180 interaction term between region and month in our models to capture differences as the breeding 181 season progressed since reproductive attempts and success are known to vary within a season 182 and across geographic areas [20, 28, 29] .
183
In addition to the various fixed effects, we used random effects to account for sources of 184 spatial variability not captured by the fixed effects. We included county in which nests were 185 located and unique NestWatch user identification numbers nested within county as random 186 effects. These random effects accounted for random variability on a larger spatial scale (i.e., 187 county level) and the variability in skill level among the individuals that reported data to 188 NestWatch. Recognizing that these spatial random variability patterns varied by year, we nested 189 the above random effects within year. This allowed the model to reflect the spatial variability 190 that would not necessarily be the same from one year to the next. (Table 3 ).
280
We also tested whether a more complex random effects structure, with userid nested 281 within county and county nested within year, provided a better fit than a simpler one with just 282 year as a random effect. The LR test clearly favored the simpler random effects structure with 283 just year as a random factor (Χ 2 < 0.001, df = 2, P > 0.99). The results reported here (Table 3) 284 were based on using the simpler structure with year as a random factor. The modal number of hatching eggs was 4, followed by 5 and zero (Fig. 3) . The 310 distribution was bimodal. The average number hatching was 3.23. The number of hatched young 311 declined from more than 3.3 to fewer than 3.0 hatching per nest with increasing drought status, 312 especially for the two most extreme categories (Fig. 4 ).
313
As with clutch size, we also did nested, pairwise likelihood ratio tests comparing the 314 models. Model 1 was a significant improvement over Model 0 (Χ 2 = 33.00, df = 5, P << 0.0001).
315 Likewise, Model 2 was a significant improvement over Model 1 (Χ 2 = 45.2, df = 5, P << 0.0001), 316 and Model 3 was a significant improvement over Model 2 (Χ 2 = 19.7, df = 5, P < 0.0014). We 317 again tested, as with clutch as the response variable, whether a simplified random effects 318 structure was warranted. The nested random effects structure (with userid nested within county 319 and county nested within year) provided the best fit (Χ 2 = 6684.5, df = 2, P << 0.0001).
320
We report the model fitting results for hatch ratio for Models 1, 2, and 3 in 346 Hatch ratio was significantly affected by NDVI std., and the odds ratio of an egg hatching 347 increased by a factor of 1.14 with each unit increase.
348
In addition to the drought-status effects, hatch date had significant effects on hatching 349 ratios. For month, the odds of hatching decreased as the months progressed from March to 350 August; for a one-unit increase in month, the odds ratio of an egg hatching decreased by a factor 351 of 0.85. Only the South NADM climatic region was significant as an effect which suggested a 352 decrease in hatching ratios and odds of hatching (0.71) compared to the reference region.
353 Moreover, all interactions of hatch date and region were significant, but only for the Northeast 354 region were the odds of hatching increased (1.17).
355
A seasonal decline in hatching was evident across all regions (Fig. 5) . Following a peak 356 in March and April, the mean number of eggs hatching decreased as the season progressed.
357 There was an increase in hatching within the South region during the final month of the 358 breeding season, but this was the case for only a very few observations.
359 Fledging rate
360
The modal number of fledging young was 4, followed by zero and 5 ( Fig. 3) . Again, the 361 frequency distribution was bimodal, with more zero fledges than zero hatches. The average 362 number fledged was 2.93. The number of fledged young declined from more than 3.0 fledges per 363 nest to 2.4 fledges per nest with increasing drought status, especially for the two most extreme 364 categories (Fig. 4 ).
365
As with clutch size and hatching ratio, we used a tiered approach, and summarize the 366 results in Table 5 . The results agreed closely with those for hatching ratio; LR tests favored 367 models including current month and prior month drought statuses (Χ 2 = 48.39, df = 5, P << 368 0.0001, Χ 2 = 21.33, df = 5, P << 0.001, Χ 2 = 69.8, df = 5, P < << 0.001, respectfully), and in 369 favor of the more complex random-effect structure (Χ 2 = 8550.7, df = 2, P << 0.0001).
370 371 405 spatial scales. On a coarser between-county spatial scale, the analysis showed that the null 406 hypothesis could not be rejected at level alpha = 0.05 (for all of the third-tier models), indicating 407 that our models accounted for the spatial autocorrelation structure in the data at coarser scales.
408 On average, there were 10 observations per county.
409
Discussion 410 We found that drought affected Eastern Bluebird reproduction in both expected and 411 unexpected ways. Drought had no effect on clutch size, regardless of occurrence within two 412 months prior to and during clutch initiation. Severity of drought had profound effects on both
